Renewable  and  Sustainable  Energy  Reviews  16  (2012)  6432-6437 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Renewable  and  Sustainable  Energy  Reviews 

journal  homepage:  www.elsevier.com/locate/rser 


Further  evidence  of  impacts  of  large-scale  wind  farms  on  land 
surface  temperature 

Jenell  M.  Walsh-Thomas  *,  Guido  Cervone,  Peggy  Agouris,  Germana  Manca 

Department  of  Geography  and  Geoinformation  Science,  George  Mason  University,  4400  University  Dr.,  Fairfax,  VA  22030,  United  States 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  3  June  2012 
Received  in  revised  form 
12  July  2012 
Accepted  15July2012 
Available  online  3  September  2012 

Keywords: 

Wind  farm 
Wind  energy 
Renewable  energy 
Remote  sensing 
Environmental  impact 
Land  surface  temperature 


Large  wind  farms  are  power  plants  that  generate  clean  energy  from  a  renewable  source.  They  are 
increasingly  being  installed  and  operated  to  replace  and  complement  fossil  fuel  power  plants  in  an 
effort  to  help  reduce  greenhouse  and  other  pollutant  emissions  (American  Wind  Energy  Association, 
2012  [1];  American  Wind  Energy  Association,  2011  [2];  Global  Wind  Energy  Council,  2011  [3];  US 
Department  of  Energy,  2008  [4];  Wiser  et  al„  2007  [5]).  Wind  energy  can  have  a  positive  economic 
impact  and  numerous  locations  on  the  planet  are  good  candidates  for  wind  energy  production.  Any 
direct  environmental  impact  of  large-scale  wind  farms  needs  to  be  investigated  because  it  could  impact 
agriculture,  economics,  health,  society,  and  technology.  A  recent  study  showed  that  surface  tempera¬ 
ture  is  observed  to  increase  directly  downwind  of  large  wind  farms  [6],  This  research,  performed 
concurrently,  shows  that  similar  and  complementary  results  are  obtained  for  a  different  location,  and 
using  remotely  sensed  temperature  data  obtained  from  a  different  satellite,  at  higher  resolution  and  for 
a  longer  time  span.  Satellite  remote  sensing  observations  from  Landsat  5  Thematic  Mapper  are  used  to 
study  temperature  changes  over  the  San  Gorgonio  Pass  Wind  Farm  from  1984  to  2011,  with  a  pixel 
resolution  of  120  m.  A  warming  trend  is  consistently  observed  downwind  of  the  wind  farm. 
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1.  Introduction 

Wind  energy  is  increasingly  becoming  the  predominant  renew¬ 
able  energy  alternative  to  fossil  fuels  and  its  use  in  generating 
electricity  is  an  essential  component  of  efforts  to  decrease  carbon 
dioxide  emissions  in  an  attempt  to  counter  the  anthropogenic 
element  of  the  already  apparent  effects  of  our  changing 
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climate  [1,2, 4, 5].  According  to  global  installed  wind  power  capacity 
statistics  compiled  by  the  Global  Wind  Energy  Council  [3],  while  the 
US  and  China  leads  the  effort  in  terms  of  total  installed  capacity,  on  a 
per  capita  basis,  Germany  far  exceeds  either  country  in  wind  energy 
production.  With  increases  in  the  number  and  scale  of  operational 
wind  farms  worldwide,  it  is  ever  more  important  to  examine  the 
effects  on  the  environment  of  this  renewable  energy  solution. 
Several  recent  studies  have  begun  to  use  computer  modeling 
techniques  to  simulate  the  local  hydrometeorological  impacts  of 
wind  farms.  Only  one  complete  meteorological  field  campaign  is 
known  to  have  been  conducted  that  is  actually  within  an  operational 
wind  farm  in  which  an  increase  in  surface  temperature  was 
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observed  at  night  and  into  the  morning  hours  downwind  of  the 
wind  farm  [7].  Other  meteorological  data  that  have  been  used  in 
various  studies  related  to  environmental  impacts  of  wind  farms 
have  been  acquired  from  measuring  stations  near  the  subject  wind 
farms  but  not  from  within  the  wind  farm  itself.  Current  studies  in 
progress  are  incorporating  field  campaigns  involving  the  direct 
collection  of  measurements  in  the  field  involving  deployment  of 
ground-based  data  acquisition  systems  to  continuously  gather  local 
meteorological  information.  Other  studies  related  to  environmental 
impacts  of  wind  farms  have  centered  on  one  or  more  avian  species 
[8,9]  as  well  as  various  aesthetic  characteristics  of  wind  farms  and 
their  siting  [10], 

While  there  are  numerous  studies  that  examine  a  wide  range 
of  environmental  impacts  of  wind  farms,  there  are  not  nearly  as 
many  studies  regarding  local  meteorological  impacts  as  well  as 
the  use  of  remote  sensing  techniques,  which  is  the  central  focus  of 
this  study.  With  increases  in  the  number  and  scale  of  operational 
wind  farms  worldwide,  it  is  ever  more  important  to  examine  the 
interaction  between  wind  turbines  and  the  environment  to 
empirically  quantify  effects.  As  wind  moves  across  the  blades  of 
a  wind  turbine,  the  kinetic  energy  of  such  air  in  motion  is 
converted  into  electrical  energy.  By  extracting  the  momentum 
of  the  wind  in  such  a  manner  the  natural  exchanges  between  low 
altitude  atmosphere  and  surface  layers  are  disturbed  hence 
altering  local  hydrometeorology  and  atmospheric  dynamics 
[7,11,12].  Computer  modeling  and  simulations  have  been  the 
primary  means  of  analysis  in  terms  of  assessing  atmospheric  and 
meteorological  impacts  attributed  to  large  wind  farms  [7,13-18]. 
Only  one  complete  meteorological  field  campaign  is  known  to 
have  been  conducted  that  is  actually  within  an  operational  wind 
farm  in  which  an  increase  in  surface  temperature  was  observed  at 
night  and  into  the  morning  hours  downwind  of  the  site  [6[. 
Others  have  focused  on  the  interaction  between  turbines  and  the 
atmosphere  used  in  estimations  of  both  the  global  and  regional 
atmospheric  energy  losses  due  to  these  interactions  [13,14,19,20]. 
Such  findings  using  a  model-based  approach  concluded  that  the 
energy  losses  due  to  wind  farms  are  high  immediately  downwind 
of  wind  farms  but  over  large  geographical  regions  the  atmo¬ 
spheric  effects  are  quite  small  [14]. 

A  recently  published  comprehensive  study  shows  surface 
temperature  increases  associated  with  large  wind  farms  in 
west-central  Texas  [6[.  In  their  investigation  MODIS  data  from 
year  2003-2011  was  utilized,  with  a  pixel  resolution  of  1  km.  The 
study  presented  here  further  validates  these  findings,  and  extends 
the  analysis  to  a  different  geographic  region,  using  different  data 
encompassing  a  longer  time  period  and  further  emphasizes  that 


satellite-based  remote  sensing  techniques  have  significant  value 
in  studying  the  impacts  of  wind  farms  on  the  environment  at  both 
local  and  regional  levels. 

Satellite  based  remote  sensing  techniques  involving  data 
acquisition  and  analyses  as  well  as  post-acquisition  modeling 
have  been  employed  extensively  in  locating  ideal  places  for  the 
installation  of  operational  wind  farms  [21,22].  Relatively  simple 
and  straightforward  extensions  of  these  same  modalities  have 
significant  and  easily  accessible  potential  value  in  studying  the 
impacts  of  wind  farms  on  the  environment.  The  demonstration  of 
the  efficiency  and  easily  reproducible  nature  of  such  approaches 
becomes  particularly  important  in  examining  large-scale  wind 
farms  where  acquisition  of  significant  meteorological  data  with 
ground  based  sensors  would  be  prohibitive  from  both  a  practical 
and  cost  perspective.  To  expand  upon  this,  there  is  a  recognized 
need  to  further  consider  and  empirically  support  the  predictions 
of  the  existing  computer  based  models  which  identify  specific 
environmental  effects  and  this  paper  will  aim  to  also  shed  light  on 
how  this  can  be  accomplished  with  the  application  of  remote 
sensing  methods  and  employing  readily  available  data  and  off  the 
shelf  software.  As  wind  power  predominantly  becomes  the  renew¬ 
able  energy  source  choice,  it  is  increasingly  important  to  determine 
and  understand  the  environmental  impacts  such  installations  and 
operations  will  have.  With  any  new  technology,  it  is  essential  to 
identify  the  costs  and  benefits  and  be  sure  these  costs  and  benefits 
are  assessed  properly  to  ensure  wind  power  is  the  right  and  truly 
most  sustainable  and  alternative  energy  source.  Many  approaches 
can  be  taken  to  effectively  accomplish  such  evaluation.  Satellites  and 
other  remote  sensing  techniques  including  those  that  are  ground- 
based  play  an  essential  role  in  this  assessment  process. 

The  fifth  in  a  series  of  Landsat  satellites,  Landsat  5,  equipped  with 
the  Thematic  Mapper  (TM)  is  notably  quite  good  for  a  variety  of 
environmental  studies  as  it  provides  seven  bands,  six  in  the  visible 
and  near  infrared  (30  m  spatial  resolution)  and  one  in  the  thermal 
infrared  (120  m  spatial  resolution)  [23].  Using  the  thermal  band  data 
for  land  surface  temperature  (LST)  analysis  provides  a  higher 
resolution  than  the  1  km  MODIS  eight-day  LST  [24]  data  previously 
used  [6[.  Additionally,  Landsat  5  has  provided  data  on  large  scales 
since  1984  therefore  data  over  a  relatively  long  time  period  can  be 
examined  and  encompasses  an  extensive  data  set.  Other  important 
orbital  parameters  of  Landsat  5  include  a  1 6-day  ground  coverage 
cycle  and  sun-synchronous  orbit.  All  data  used  in  the  analysis 
described  in  this  paper  was  obtained  from  the  USGS  Global 
Visualization  Viewer  (GloVis),  specifically  from  the  Landsat  Archive 
collection,  Landsat  4-5  TM,  resolution  240  m.  There  are  multiple 
methods  of  obtaining  LST  from  band  six  [25-28]  and  for  purposes  of 


Fig.  1.  False  color  composite  image  of  San  Gorgonio  Pass  wind  farm  and  surrounding  area  of  interest  for  analysis. 
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this  study  and  due  to  site  selection,  a  fairly  simple  and  accepted 
numerical  approximation  of  LST  can  be  employed  using  the  digital 
number  and  converting  spectral  radiance  to  degrees  Celsius  [28]. 


2.  Materials  and  methods 

2. 2 .  Region  of  interest 

The  region  of  interest  (Fig.  1)  that  was  used  in  this  study  was 
the  San  Gorgonio  Pass  Wind  Farm  and  surrounding  area.  As 
evident  in  its  name,  this  installation  is  located  within  the  San 
Gorgonio  Pass  of  Southern  California.  The  San  Gorgonio  Pass  is 
defined  as  the  area  between  the  San  Bernardino  Mountains  to  the 
north  and  the  San  Jacinto  Mountains  to  the  south.  The  regional 
climate  is  classified  as  arid  low  latitude  desert  (hot),  or  BWh, 
based  on  the  Koppen  climate  classification  [29].  As  of  January 
2008  the  wind  farm  consists  of  3218  turbines  [30],  which  produce 
615  MW  [31]  and  is  the  third  largest  wind  farm  in  California  [30]. 
The  approximate  center  of  the  wind  farm  in  terms  of  geographic 
coordinates  is:  33°54'21.96"N,  116°35'39.11"W  (33.9061  N 
116.594197  W).  As  determined  through  the  use  of  Google  Earth's 
measuring  tool,  the  wind  farm  covers  a  roughly  square  area  of 
approximately  of  9  km  x  9  km.  In  previous  studies,  it  has  been 
stated  that  environmental  effects,  more  specifically  hydrometeor¬ 
ological  effects  as  a  result  of  wind  farm  operation,  have  been 
detected  18-23  km  downwind  of  the  wind  farm  [15]  hence  the 
area  of  interest  for  analysis  purposes  was  defined  as  approxi¬ 
mately  25  km  outside  of  the  wind  farm  outer  boundary  in  both 
east  and  west  directions.  The  north  and  south  boundaries  are 
delineated  as  near  to  7  km  above  and  below  the  wind  farm  outer 
boundary.  The  rectangular  analysis  region  boundaries  were 
approximated  using  measurement  tools  in  ERDAS  IMAGINE  with 
the  center  of  the  analysis  area  being  the  center  of  the  wind  farm. 


The  ~59  km  x  ~23  km  (33.802-34.006  N,  116.277-116.918^) 
analysis  area  encompasses  a  significant  area  both  upwind  and 
downwind  of  the  wind  farm,  which  is  deemed  necessary  for 
subsequent  analysis. 

2.2.  Data  description 

All  data  was  obtained  from  the  USGS  Global  Visualization 
Viewer  (GloVis),  specifically  from  the  Landsat  Archive  collection, 
Landsat  4-5  Thematic  Mapper  (TM),  resolution  240  m.  Landsat 
4  and  5  have  a  16-day  repeat  cycle  and  each  maintains  a  sun- 
synchronous  orbit.  The  scenes  containing  the  region  of  interest 
have  a  scene  center  scan  time  that  have  a  standard  deviation  of 
about  +15  min  as  the  orbital  node  time  for  Landsat  5  is  9:45  AM 
+  15  min  at  the  equator.  The  TM  has  a  seven  band  system  as 
follows:  1,  visible  blue;  2,  visible  green;  3,  visible  red;  4,  near 
infrared;  5,  mid-infrared;  6,  thermal  infrared  (120  m  spatial 
resolution);  7,  mid-infrared  (bands  1-5  and  7  have  30  m  spatial 
resolution).  This  Landsat  5  TM  data  is  being  used  as  it  presump¬ 
tively  has  more  than  adequate  resolution  for  the  analysis  con¬ 
tained  herein.  An  additional  practical  consideration  is  that  the 
data  is  readily  available  for  download  and  use.  The  San  Gorgonio 
Wind  Farm  is  in  the  lower  left  portion  of  the  identified  Landsat 
scene  centered  on  latitude  and  longitude  coordinates  in  decimal 
degrees  of  34.6-116.8;  the  estimated  central  coordinate  of  the 
wind  farm  has  been  previously  stated  in  the  above  section.  At  the 
time  of  this  investigation  and  submission,  Landsat  4-5  TM  scenes 
are  available  for  download  between  November  11,  1982  and 
November  9,  2011;  some  are  available  for  instant,  free  of  cost 
download  and  use,  while  others  must  be  ordered  so  they  can  be 
processed  (1-3  days  for  processing)  and  then  are  available  to  be 
downloaded.  The  earliest  date  that  data  is  available  for  this  area  is 
November  11,  1982,  as  Landsat  4  was  launched  on  July  16th, 
1982.  However,  between  March  1983  and  March  1984  there  are 


Fig.  2.  Subset  sample  of  temperature  variation  for  the  area  of  interest  which  are  representative  of  the  majority  of  the  summer  month  images  showing  the  same/similar 
trend.  In  each  image,  the  black  box  indicates  the  approximate  area  of  the  San  Gorgonio  Wind  Farm  and  are  from  the  following  dates  with  wind  direction  and  angle  as 
follows:  (a)  June  26, 1985,  SSE  160°;  (b)  May  26, 1991,  NW  320°;  (c)  June  22, 1995,  WNW  300°;  (d)  June  19,  2000,  NW  320°;  (e)  June  28,  2003,  NW  320°;  (f)  June  18,  2011, 
NW  340°.  (For  interpretation  of  the  references  to  color  in  this  figure  caption,  the  reader  is  referred  to  the  web  version  of  the  article.) 
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no  scenes  available.  It  appears  that  this  region  was  either  not 
scanned  during  this  time  period  by  Landsat  4  and  therefore  the 
data  is  missing  or  the  images  from  that  time  period  have  not  been 
made  available  by  USGS.  Landsat  5  was  launched  on  March  1, 
1984  so  this  is  a  clear  indication  that  the  data  after  this  date  is 
from  Landsat  5.  The  data  collected  for  this  study  was  derived  from 
scenes  containing  this  area  during  summer  (June  +  2)  and  winter 
(December  +2)  months. 

2.3.  Analysis 

Each  composite  image  was  created  using  the  data  management 
tools  composite  image  creator  in  ArcGIS.  This  process  was  necessaiy 
because  the  ERDAS  model,  which  was  subsequently  used  to  convert 
the  digital  number  (DN)  to  a  temperature  value  (°C),  required  a 
composite  Landsat  TM  image  that  contained  seven  bands  with  the 
sixth  band  being  the  thermal  band.  The  output  files  from  the  model 
were  viewed  in  ArcGIS  to  visually  assess  the  temperature  variation 
and  assign  specific  temperature  ranges  within  the  image  specific 
colors.  This  was  followed  up  using  statistical  and  graphical  compo¬ 
nents  of  Excel  and  R  for  the  quantitative  analysis. 


Region 


C  June  22, 1995 


Region 


6  June  28,  2003 


UW  8  km  UW  6  km  UW  4  km  UW  2  km  DW  2  km  DW  4  km  DW  8  km  DW  10  km  DW  12  km 
Region 


3.  Results  and  discussion 

LST  of  the  region  of  interest  was  analyzed  for  both  summer 
and  winter  scenes  of  the  data  set  where  wind  direction  was  taken 
into  consideration.  Visual  inspection  of  the  images  where  the 
pixels  had  been  converted  to  temperature  in  degrees  Celsius 
allowed  for  a  distinct  temperature  variation  and  trend  to  be 
observed  for  all  images.  The  legend  includes  10  natural  breaks, 
or  subsections,  of  the  temperature  range  encompassing  the  entire 
image  that  were  calculated  and  determined.  As  clearly  shown  in  the 
legend,  the  more  blue  an  area  is,  the  cooler  the  temperatures  and 
conversely  the  more  red  an  area  is,  the  warmer  the  temperatures. 
The  wind  direction  for  the  dates  the  scenes  were  acquired  by  the 
satellite  was  recorded  and  the  overall  prevailing  wind  direction  was 
NNW  based  on  records  collected  at  a  nearby  weather  station.  The 
overwhelming  majority  of  the  summer  month  images  (Fig.  2),  as  well 
as  the  winter  month  images,  depict  the  same  characteristics  where 
the  downwind  region,  south  and  east  of  the  wind  farm,  temperatures 
typically  are  warmer  than  those  west  of  the  wind  farm. 

For  the  first  qualitative  time  series  analysis,  the  pixel  values 
that  were  visually  observed  in  the  qualitative  analysis  were 


Region 


Region 


Region 


Fig.  3.  Comparison  of  summer  LST  from  upwind  and  downwind  from  wind  farm  as  a  function  of  distance.  The  graphs  here  correspond  with  the  images  in  Fig.  2(a)-(f).  (For 
interpretation  of  the  references  to  color  in  this  figure  caption,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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matched  with  their  specific  coordinate  in  a  table  and  transformed 
into  a  matrix  with  the  wind  farm  center  and  boundaries  subse¬ 
quently  defined  in  the  matrix  itself.  The  averages  at  specific 
distances  away  from  the  center  of  the  wind  farm  both  up  and 
downwind  were  calculated  and  graphically  displayed  as  bar 
charts.  Here  the  visual  selection  of  both  up  and  down  wind 
regions  avoided  variables,  which  would  affect  the  analysis,  such 
as  elevation  and  urban  areas  near  the  wind  farm  site.  The 
averaged  areas  were  2  km  x  2  km  areas  through  10  km  down¬ 
wind  and  8  km  upwind  of  the  wind  farm  and  were  completed  for 
both  the  summer  and  winter  data  sets.  While  it  varied  how  much 
warmer  the  downwind  regions  were,  between  four  and  eight 
degrees,  downwind  regions  through  12  km  upwind  are  shown  to 
be  consistently  warmer  than  the  observed  upwind  region  through 
8  km  downwind  for  the  summer  months  (Fig.  3).  An  identical 
quantitative  assessment  was  completed  for  winter  months  and 
for  both  summer  and  winter  months,  the  results  were  found  to  be 
consistent  with  the  results  obtained  from  the  qualitative  with  a 
warming  downwind  of  the  wind  farm  being  observed. 

It  is  realized  that  there  are  some  limitations  to  this  study  and 
attempts  were  made  to  minimize  the  effects  of  such  limitations. 
One  limitation  in  particular  placed  restraints  on  the  experiments 
that  could  be  conducted  as  there  was  no  data  prior  to  installation 
and  operation  of  the  wind  farm  simply  due  to  the  timing  of  the 
launch  of  Landsat  5  and  the  installation  and  operation  of  the  wind 
farm  occurred  around  the  same  time  and  because  of  this,  a  before 
and  after  analysis  could  not  be  completed.  Despite  this,  the  nearly 
29-year  data  set  collected  was  quite  extensive.  An  additional 
limitation  to  the  collection  of  data  was  the  amount  of  cloud  cover 
within  the  scenes  containing  the  ROI  that  was  used  for  the 
analysis.  If  a  scene  has  greater  than  20%  cloud  cover,  the  next 
available  image  +  2  months  of  June  or  December  that  had  less 
than  20%  cloud  cover  was  chosen.  This  was  done  as  cloud  cover 
would  significantly  impact  the  analysis  that  was  completed.  There 
were  also  some  issues  with  missing  data,  but  again  if  this 
occurred  for  the  month  of  June  or  December,  the  next  available 
image  no  more  than  2  months  prior  or  after  was  chosen. 


4.  Conclusions 

With  the  increase  in  both  the  number  and  scale  of  wind  farms, 
it  is  essential  that  we  continue  to  build  on  our  understanding  of 
both  the  costs  and  benefits  of  wind  energy  at  many  levels, 
especially  concerning  environmental  impacts  of  such  installations 
and  this  paper  defines  and  utilizes  a  set  of  cost  effective 
techniques  which  contributes  to  this  effort.  This  paper  extends 
the  use  of  satellite  based  remote  sensing  in  conjunction  with 
accepted  methodologies  to  provide  clearer  and  more  comprehen¬ 
sive  insight  into  the  effects  of  large  scale  wind  farms  on  land 
surface  temperature.  Perhaps  most  importantly,  this  effort  sug¬ 
gests  a  readily  approachable  path  forward  for  expanding  such 
analytical  assessment  on  a  larger  scale. 

One  of  the  most  significant  aspects  of  this  study  was  that  it 
demonstrates  further  that  remote  sensing  imagery  can  be  effec¬ 
tively  used  in  conjunction  with  easy  to  use,  off  the  shelf  software 
to  analyze  and  explore  the  impacts  of  a  large-scale  wind  farm  on 
the  local  environment,  more  specifically  in  terms  of  LST.  Freely 
available  Landsat  5  TM  scenes  were  selected  and  processed  using 
an  accepted  model  based  approach  for  determining  LST  values  in 
the  vicinity  surrounding  and  within  a  large-scale  wind  farm.  With 
the  region  of  interest  defined,  the  area  was  analyzed  in  multiple 
ways  to  identify  and  characterize  an  observable  warming  trend 
downwind  of  the  wind  farm  as  modeled  in  previous  studies  and 
empirically  determined  in  a  recent  paper  [6].  The  experimental 
analysis  herein  correlated  well  with  similar  warming  trends  that 


was  observed  in  computer  models,  a  short  meteorological  cam¬ 
paign  [7,13,14]  and  a  similar  studying  using  MODIS  data  [6], 

This  study  along  with  other  current  research  regarding  local 
environmental  effects  helps  to  provide  a  more  realistic  and 
precise  estimate  of  the  impacts  large-scale  wind  farms  have  on 
the  local  environment.  The  experiments  conducted  have 
addressed  the  effects  on  temperature  at  a  local  level  using  remote 
sensing  data.  This  research  has  been  done  in  a  successful  effort  to 
better  understand  and  acknowledge  what  impact  current  wind 
energy  technology  has  on  the  environment  as  well  as  to  support 
and  encourage  the  improvement  of  wind  energy  technologies  to 
be  more  sustainable  and  to  better  improve  the  environment  in 
which  we  live. 


References 


[  1  ]  American  Wind  Energy  Association.  AWEA  4th  quarter.  Public  market  report 
(AWEA,  2012);  2011.  Available  at  <http://awea.org/learabout/publications/ 
reports/upload/4Q-201 1  -AWEA-Public-Market-Report_l  -31  .pdf  > . 

[2]  American  Wind  Energy  Association.  US  wind  energy  market  update  (ASEA, 
2011);  2011.  Available  at  <http://www.awea.org/learnabout/publications/ 
factsheets/upload/Market-Update-Factsheet-Final_April-201 1  .pdf) . 

[3]  Global  Wind  Energy  Council.  Global  wind  report:  annual  market  update 
2010.  GWEC  Publications;  2011.  Available  at  <http://www.gwec.net/  filead 
min/images/Publications/GWEC_annual_market_update_2010_  _2nd_editio 
n_Apri l_2011.pdf)  [retrieved  .01.28.12]. 

[4]  US  Department  of  Energy.  20%  wind  by  2030  (USDOE,  2008);  2008.  Available 
at  <  http://wwwl  .eere.energy.gov/windpdfs/42864.pdf) . 

[5]  Wiser  R,  Bolinger  M.  Annual  report  on  US  wind  power  installation,  costs,  and 
performance  trends:  2006.  Washington,  DC:  US  Dept  of  Energy;  2007. 
Available  at  <http://www.nrel.gov/docs/fy07osti/41435.pdf>. 

[6]  Zhou  L,  Tian  Y,  Baidya  RS,  Thorncroft  C,  Bosart  LF,  Hu  Y.  Impacts  of  wind 
farms  on  land  surface  temperature.  Nature  Climate  Change,  http://dx.doi.org/ 
10.1038/nclimatel505,  in  press. 

[7]  Baidya  RS,  Traiteur  JJ.  Impacts  of  wind  farms  on  surface  air  temperatures. 
Proceedings  of  the  National  Academy  of  the  Sciences  of  United  States  of 
America  2010;107:17899-904. 

[8]  Desholm  M,  Fox  A,  Beasley  P,  Kahlert  J.  Remote  techniques  for  counting  and 
estimating  the  number  of  bird-wind  turbine  collisions  at  sea:  a  review.  Ibis 
2006;148:76-89. 

[9]  Drewitt  AL,  Langston  RHW.  Assessing  the  impacts  of  wind  farms  on  birds.  Ibis 
2006;148:29-42. 

[10]  Krewitt  W,  Nitsch  J.  The  potential  for  electricity  generation  from  on-shore 
wind  energy  under  the  constraints  of  nature  conservation:  a  case  study  for 
two  regions  in  Germany.  Renewable  Energy  2003;28:1645-55. 

[11]  Simmonds  I,  Keay  K.  Surface  fluxes  of  momentum  and  mechanical  energy 
over  the  North  Pacific  and  North  Atlantic  oceans.  Meteorology  and  Atmo¬ 
spheric  Physics  2002;80:1-18. 

[12]  Knippertz  P,  Ulbrich  U,  Speth  P.  Changing  cyclones  and  surface  wind  speeds 
over  the  North  Pacific  and  North  Atlantic  and  Europe  in  a  transient  GHG 
experiment.  Climate  Research  2000;15:109-22. 

[13]  Keith  D.  The  influence  of  large-scale  wind  power  on  global  climate.  Proceed¬ 
ings  of  the  National  Academy  of  the  Sciences  of  United  States  of  America 
2004;101:16115-20. 

[14]  Sta  Maria  MRV,  Jacobson  MZ.  Investigating  the  effect  of  large  wind  farms  on 
energy  in  the  atmosphere.  Energies  2009;2:816-38. 

[15]  Baidya  RS.  Simulating  impacts  of  wind  farms  on  local  hydrometeorology. 
Journal  of  Wind  Engineering  and  Industrial  Aerodynamics,  http://dx.doi.org/ 
10.1 01 6/j.jweia.201 0.1 2.013;  2010. 

[16]  Baidya  RS,  Pacala  SW,  Walko  RL.  Can  large  scale  wind  farms  affect  local 
meteorology.  Journal  of  Geophysical  Research  2004;109:D19101. 

[17]  Fiedler  BH,  Bukovsky  MS.  The  effect  of  a  giant  wind  farm  on  precipitation  in  a 
regional  climate  model.  Environmental  Research  Letters  2011:6:045101. 

[18]  Adams  AS,  Keith  DW.  Wind  energy  and  climate:  modeling  the  atmospheric 
impacts  of  wind  energy  turbines.  Eos  Transactions  American  Geophysical 
Union  88  (2007)  abstr.  B44B-08. 

[19]  Barrie  D,  Kirk-Davidoff  D.  Weather  response  to  management  of  large  wind 
turbine  array.  Atmospheric  Chemistry  and  Physics  2010;10:769-75. 

[20]  Wang  C,  Prinn  RJ.  Potential  climatic  impacts  and  reliability  of  very  large-scale 
wind  farms.  Atmospheric  Chemistry  and  Physics  2010;10:2053-61. 

[21]  Tapiador  FJ.  Assessment  of  renewable  energy  potential  through  satellite  data 
and  numerical  models.  Energy  &  Environmental  Science  2009;2:816-38. 

[22]  Angelis-Dimakis  A,  Biberacher  M,  Dominguez  J,  Fiorese  G,  Gadocha  S, 
Gnansounou  E,  et  al.  Methods  and  tools  to  evaluate  the  availability  of 
renewable  energy  sources.  Renewable  and  Sustainable  Energy  Reviews 
2011;15:1182-200. 

[23]  Campbell  JB.  Introduction  to  remote  sensing.  4th  ed.  New  York:  The  Guilford 
Press;  2006  p.  174-8  [Chapter  8]. 

[24]  Wan  Z.  New  refinements  and  validation  of  the  MODIS  land  surface  tempera- 
ture/emissivity  products.  Remote  Sensing  of  Environment  2008;112:59-74. 


J.M.  Walsh-Thomas  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  16  (2012)  6432-6437 


6437 


[25]  Sobrino  JA,  Jimenez-Munoz  JC,  Paolini  L.  Land  surface  temperature  retrieval 
from  LANDSAT  TM  5.  Remote  Sensing  of  Environment  2004;90:434-40. 

[26]  Qin  Z,  Karnieli  A,  Berliner  P.  A  mono-window  algorithm  for  retrieving  land 
surface  temperature  from  Landsat  TM  data  and  its  application  to  the  Israel- 
Egypt  border  region.  International  Journal  of  Remote  Sensing  2001  ;22:3719-46. 

[27]  Wang  LT,  De  Liberty  TL.  Landsat  atmospheric  correction:  the  good,  the  bad, 
and  the  ugly.  USA:  University  of  Delaware,  Department  of  Geography;  2005. 
Available  at  <  http://proceedings.esri.com/library/userconf/proc05/papers/ 
papl560.pdf). 

[28]  Sun  Q,  Tan  J,  Xu  Y.  An  ERDAS  image  processing  method  for  retrieving  LST  and 
describing  urban  heat  evolution:  a  case  study  in  the  Pearl  River  Delta  Region 
in  South  China.  Environmental  Earth  Sciences  2010;59:1047-55. 


[29]  Kauffman  E.  Atlas  of  the  biodiversity  of  California:  climate  and  topography. 
CA  Dept  of  Fish  &  Game;  2003.  p.  12-5. 

[30]  The  California  Energy  Commission.  California  wind  resources  (CEC,  2005);  2005. 
Available  at  <http://www.energy.ca.gov/2005publications/CEC-500-2005-071/ 
CEC-500-2005-071-D.pdf) . 

[31]  US  Department  of  the  Interior.  Right-of-way  (R/W)  grant  CACA-11688-A 
mesa  wind  power  corporation  (DOI-BLM-CA-060-0007-0057-EA)  (USDOI, 
2008);  2008.  Available  at  <http://www.blm.gov/pgdata/etc/medialib/blm/ 
ca/pdf/palmsprings/general_-_pssc.Par.52889.File.dat/07-57%20Mesa%20 
Wind%20EA%20Final%206-l  2.pdf  > . 


